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Abstract
Recent studies have provided evidence for a role of cyclic ADP-ribose (cADPR) in the regulation of intracellular calcium
in smooth muscles of the intestine, blood vessels and airways. We investigated the presence and subcellular localization of
ADP-ribosyl cyclase, the enzyme that catalyzes the conversion of L-NAD to cADPR, and cADPR hydrolase, the enzyme
that degrades cADPR to ADPR, in tracheal smooth muscle (TSM). Sucrose density fractionation of TSM crude membranes
provided evidence that ADP-ribosyl cyclase and cADPR hydrolase activities were associated with a fraction enriched in
5P-nucleotidase activity, a plasma membrane marker enzyme, but not in a fraction enriched in either sarcoplasmic
endoplasmic reticulum calcium ATPase or ryanodine receptor channels, both sarcoplasmic reticulum markers. The ADP-
ribosyl cyclase and cADPR hydrolase activities comigrated at a molecular weight of approximately 40 kDa on SDS^PAGE.
This comigration was confirmed by gel filtration chromatography. Investigation of kinetics yielded Km values of 30.4 þ 1.5
and 695.3 þ 171.2 WM and Vmax values of 330.4 þ 90 and 102.8 þ 17.1 nmol/mg/h for ADP-ribosyl cyclase and cADPR
hydrolase, respectively. These results suggest a possible role for cADPR as an endogenous modulator of [Ca2]i in porcine
TSM cells. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Elevation of intracellular calcium in airway
smooth muscle cells during agonist stimulation oc-
curs through in£ux of calcium from the extracellular
space and release from intracellular stores [1,2]. Two
principal mechanisms of calcium release from the
sarcoplasmic reticulum (SR) have been identi¢ed in
smooth muscle cells, including that of airways, one
mediated by inositol 1,4,5-trisphosphate (IP3) recep-
tors and the other by ryanodine (RyR) receptors [3^
6]. In porcine tracheal smooth muscle (TSM) cells,
previous studies from our laboratory indicate that
muscarinic receptor stimulation by acetylcholine
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(ACh) results in SR calcium release through RyR
channels [3,4] and more recently cyclic ADP-ribose
(cADPR) may mediate such release [7].
cADPR, a cyclized metabolite of L-NAD, is a
novel second messenger that has been shown to reg-
ulate [Ca2]i in a variety of mammalian and non-
mammalian cell types. cADPR is formed by the ac-
tion of the enzyme ADP-ribosyl cyclase and de-
graded to ADPR by the enzyme cADPR hydrolase
[8^11]. The enzymes involved in the metabolism of
cADPR have been identi¢ed in a variety of cell types
[12^15]. In many cell types, both ADP-ribosyl cyclase
and cADPR hydrolase activities appear to be asso-
ciated with a single bifunctional protein [16]. The cell
surface antigen CD38 is known to possess such bi-
functional properties [13,17^21]. With the exception
of Aplysia ovotestis, where a monofunctional enzyme
catalyzes conversion of NAD to cADPR [13,22,23],
other cell types examined thus far appear to possess
the bifunctional enzyme. Several recent reports indi-
cate that cADPR regulates intracellular calcium re-
lease in smooth muscles of the gut [24], blood vessels
[25] and airways [7], while other studies appear to
contradict such a role [26]. There is very little infor-
mation on the mechanisms by which cADPR levels
are modulated during agonist stimulation, especially
in smooth muscle. The purpose of the present study
is to establish the presence, subcellular localization
and kinetics of the enzymes involved in the synthesis
and degradation of cADPR in airway smooth
muscle. These studies should enable further investi-
gation into potential mechanisms of regulation of
cADPR synthesis and degradation in airway smooth
muscle cells.
2. Materials and methods
2.1. Materials
Nicotinamide guanine dinucleotide (NGD), cyclic
GDP-ribose (cGDPR), Tris base, Tris^HCl, glucose,
HEPES, other ¢ne chemicals and an inorganic phos-
phorous diagnostic kit were purchased from Sigma
chemical company (St. Louis, MO, USA). Hanks’
balanced salt solution (HBSS) was purchased from
Gibco BRL (Grand Island, NY, USA). Cellulose
PEI thin layer chromatography (TLC) plates were
purchased from Fisher Scienti¢c (Pittsburgh, PA,
USA). Monoclonal mouse anti-sarcoplasmic endo-
plasmic reticulum calcium ATPase 2 (SERCA2)
and RyR antibodies were purchased from Calbio-
chem (La Jolla, CA, USA). Gradient gels and Bio-
Rad protein assay kit were purchased from Bio-Rad
Laboratories (Hercules, CA, USA). Protease inhibi-
tor tablets, Complete EDTA-Free, were obtained
from Boehringer (Mannheim, Germany).
2.2. TSM isolation and membrane preparation
Pig tracheas were obtained from a local abattoir
and transported on ice in HBSS (pH 7.4) containing
2.5 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES and
11 mM glucose. Smooth muscle was isolated as de-
scribed previously [4]. Tissue pooled from 3^4 ani-
mals was homogenized in HBSS using a polytron
tissue homogenizer. Crude homogenate was centri-
fuged at 10 000Ug for 15 min to remove cell debris,
nuclei and mitochondria. The resulting supernatant
(post-mitochondrial homogenate) was then centri-
fuged at 100 000Ug for 90 min. The pellet (crude
membrane fraction) was resuspended in HBSS and
both supernatant and membrane fractions were fro-
zen at 370‡C until used. Subcellular fractionation
was performed by loading fresh crude membrane
preparations resuspended in 8% sucrose, 20 mM
MOPS, 1 mM MgCl2 with protease inhibitors at
pH 7.0 (MOPS) onto a discontinuous sucrose density
gradient. Layering, from bottom to top, 50%, 30%
and 20% (w/w) sucrose solutions in MOPS formed
the density gradient. The gradients were then centri-
fuged at 100 000Ug for 90 min. Each density fraction
was collected, drawing membrane protein located at
each interface, from the top of the tube. Protein con-
centrations were determined using a Bio-Rad protein
assay kit with bovine serum albumin as standard.
These collected fractions were then diluted in
MOPS and recentrifuged at 100 000Ug. Superna-
tants were discarded and pellets were resuspended
in MOPS for enzyme activity determinations and
gel electrophoresis.
2.3. Measurement of ADP-ribosyl cyclase activity
ADP-ribosyl cyclase activity was measured using a
£uorometric assay [21,27]. This technique is based on
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the fact that ADP-ribosyl cyclase can cyclize NGD
to produce the £uorescent product, cGDPR. cGDPR
is resistant to hydrolysis, unlike cADPR, making the
NGD assay a useful tool for measuring cyclase ac-
tivities. Brie£y, conversion of NGD to cGDPR was
monitored as an increase in £uorescence intensity at
an excitation wavelength of 305 nm and emission
wavelength of 410 nm using a Shimadzu RF-1501
spectro£uorometer (Shimadzu Corporation, Kyoto,
Japan). The increase in £uorescence due to formation
of cGDPR was converted to nmol cGDPR using a
standard curve of known cGDPR concentrations.
For the NGD assay, membrane or density gradient
fractions or supernatant (150^250 Wg protein) were
diluted in 20 mM Tris^HCl bu¡er pH 7.2 and reac-
tion was started upon addition of NGD. All enzyme
activities were measured at 37‡C. cGDPR formation
in this assay was con¢rmed by high performance liq-
uid chromatography (HPLC) of the reaction mixture
[21].
2.4. Measurement of cADPR hydrolase activity
cADPR hydrolase activity in microsomal or cyto-
solic fraction was measured using [32P]cADPR as
substrate [28]. Membrane, density gradient or soluble
fractions were incubated at 37‡C in 20 mM Tris pH
7.2 containing [32P]cADPR and a range of unlabeled
cADPR concentrations (1^490 WM). Products were
separated by TLC using a previously described meth-
od [28]. Brie£y, 1 Wl of reaction mixture was spotted
on a PEI cellulose plate. The plate was developed in
0.2 M NaCl in 30% ethanol, dried and exposed to a
phosphorimage screen for 40 min. The phosphor-
image was then developed using a Packard Instru-
ments Cyclone phosphorimager. The densities of
spots corresponding to cADPR and ADPR were
then quanti¢ed and the amount of ADPR formed
was calculated.
2.5. Identi¢cation of ADP-ribosyl cyclase or cADPR
hydrolase after SDS^PAGE
Density gradient fractions enriched in ADP-ribosyl
cyclase and cADPR hydrolase activity, crude mem-
brane preparations and crude membranes from reti-
noic acid di¡erentiated HL60 cells (used as a CD38
positive control) were loaded and electrophoresed in
a 12.5% polyacrylamide gel [29]. The sample bu¡er
did not contain reducing agents such as L-mercapto-
ethanol. After electrophoresis, the gel was rinsed in
water four times for 15 min. The lanes corresponding
to the various samples were then isolated and sliced
into 0.5 cm slivers for determining ADP-ribosyl cy-
clase or cADPR hydrolase activities. The slices were
then placed in microfuge tubes and incubated in
0.5 ml 250 WM NGD for ADP-ribosyl cyclase activ-
ity determination. Samples were incubated for 24 h
at which time 200 Wl was removed from each tube,
placed in a 96 well plate and £uorescence measured
using a £uorescence plate reader. Increased £uores-
cence over background was due to conversion of
NGD to cGDPR as described in the NGD assay
for cyclase. For determination of cADPR hydrolase
activities, slices were placed in microfuge tubes and
incubated for 24 h with 0.3 ml [32P]cADPR (2500
cpm/Wl) containing 200 WM cADPR. After 24 h,
TLC was performed as described above for measur-
ing cADPR hydrolase activity. Approximate molec-
ular weights of both enzymes were determined using
a molecular weight calibration curve generated by
plotting Rf (distance of protein migration/distance
of tracking dye migration) versus known molecular
weight markers. Retinoic acid di¡erentiated HL60
cells were grown as previously described [30].
2.6. Identi¢cation of ADP-ribosyl cyclase or
cADPR hydrolase after gel ¢ltration
chromatography
Crude membrane proteins were solubilized using
1% lubrol PX at 4‡ for 30 min. Solubilized protein
was recovered by centrifugation at 100 000Ug for
20 min. Solubilization was con¢rmed by assaying
the 100 000Ug supernatant for ADP-ribosyl cyclase
activity as previously described. The solubilized prep-
aration was applied to a Waters Protein Pak 300SW
gel ¢ltration column (8U300 mm) using HPLC. Mo-
bile phase consisted of bu¡er composed of 25 mM
HEPES, 250 mM NaCl, 0.1% lubrol PX at pH 7.4.
The £ow rate was 0.5 ml per minute. Void volume
was determined prior to loading sample by applying
blue dextran (molecular weight 2 000 000) to the col-
umn and determined to be approximately 6 ml. One
minute fractions (0.5 ml) were collected from 12 to
28 min. Fractions were then assayed for ADP-ribosyl
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cyclase and cADPR hydrolase activities as described
above.
2.7. Measurement of 5P-nucleotidase activity
5P-Nucleotidase activity was assayed by determin-
ing the inorganic phosphate (Pi) liberated from
5P-AMP during a 15^20 h incubation at 37‡ in 100
mM Tris^HCl, pH 7.5, containing 10 mM MgSO4
and 5 mM 5P-AMP [31]. The reactions were started
by the addition of enzyme (30^100 Wg protein/assay).
After incubation, Pi was determined using a modi¢ed
procedure from a Sigma Diagnostics inorganic phos-
phorous kit. Brie£y, 0.5 ml ice-cold trichloroacetic
acid (100% w/v) was added to the reactions. Mixtures
were then vortexed and centrifuged at 1000Ug for
15 min. In separate tubes, 1 ml ddH2O, 0.5 ml acid
molybdate solution, 1.5 ml supernatant and 0.125 ml
Fiske and Subbarrow reducer were combined. After
10 min, absorbance at 660 nm was recorded. Pi lib-
erated was determined from a calibration curve.
2.8. Western blot for RyR channels and SERCA
Density gradient and membrane fractions were
electrophoresed on 4^15% polyacrylamide gradient
gels. Proteins in the gels were then transferred to a
polyvinylidene di£uoride membrane. The blots were
Fig. 1. ADP-ribosyl cyclase activity in membrane fractions ob-
tained from porcine TSM. A: Time course of cGDPR synthesis
(expressed as £uorescence intensity) at di¡erent NGD concen-
trations (indicated on the right side of the panel). B: Double
reciprocal plot for kinetic analysis of ADP-ribosyl cyclase activ-
ity. Km and Vmax values were calculated by measuring cGDPR
formation at various NGD concentrations. C: Representative
trace showing velocity versus substrate concentration relation-
ship in presence of 175 Wg of microsomal protein. Results are
representative of four separate TSM preparations.
6
Table 1
Activities of ADP-ribosyl cyclase and cADPR hydrolase in
crude membrane fractions obtained from porcine TSM
Km Vmax
ADP-ribosyl cyclase 30.4 þ 1.5 WM 330.4 þ 90 nmol/mg/h
cADPR hydrolase 695.3 þ 171.2 WM 102.8 þ 17.1 nmol/mg/h
Values shown are mean þ S.E.M. from at least four di¡erent
membrane preparations.
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blocked in phosphate-bu¡ered saline containing 1%
milk concentrate and 0.025% Tween-20. The mem-
branes were then incubated with mouse anti-SERCA
or anti-RyR antibody for 1 h. A horseradish peroxi-
dase-conjugated goat anti-mouse IgG was used as
secondary antibody and visualized using chemilumi-
nescence substrate before exposure to X-ray ¢lm.
Approximate molecular weights of visualized pro-
teins were determined by comparison with standard
molecular weight markers run simultaneously.
3. Results
Assay of TSM extracts for ADP-ribosyl cyclase
and cADPR hydrolase activity: ADP-ribosyl cyclase
and cADPR hydrolase was measured in the crude
TSM membrane and cytosolic fractions. ADP-ribo-
syl cyclase activity was not detected in the cytosolic
fraction. Incubation of a crude membrane fraction
with NGD resulted in a time- and NGD concentra-
tion-dependent formation of cGDPR (Fig. 1). Mem-
brane preparations incubated in the presence of
5^200 WM NGD resulted in an increase in £uores-
cence over time as shown in Fig. 1A. For each prep-
aration, a double reciprocal plot was generated, as
shown in Fig. 1B, and used to calculate Vmax and KM
values. The conversion of NGD to cGDPR was
rapid over a range of substrate concentrations and
appeared to reach a plateau at NGD concentrations
Fig. 2. cADPR hydrolase activity in porcine TSM membrane fractions. A: Phosphorimage showing conversion of cADPR to ADPR
by incubation of membrane fraction (40 Wg protein) with various cADPR concentrations and at three di¡erent time points. For each
time point shown, [32P]cADPR concentration is constant but the concentration of unlabeled cADPR increases, i.e. 1, 30, 100, 300 and
490 WM, respectively, for lanes 1^5. Intensity of the image re£ects the amount of ADPR formed (bottom spots) and cADPR remain-
ing (top spots). Lane 6 at 30 and 60 min represents control, i.e. in the absence of membrane. Note there is no signi¢cant ADPR for-
mation in the absence of membrane. Lane 6 at 120 min represents ADPR formation by boiling cADPR for 30 min. Note near com-
plete conversion of cADPR to ADPR. Percent cADPR hydrolyzed was calculated as described in Section 2. B: Representative double
reciprocal plot from which the kinetic parameters Km and Vmax were derived. Results are representative of four separate TSM prepa-
rations.
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of s 100 WM as seen in Fig. 1C. The KM and Vmax
values of ADP-ribosyl cyclase were 30.4 þ 1.5 WM
and 330.4 þ 90 nmol/h/mg, respectively (Table 1).
cADPR hydrolase activity was measured in the
same TSM fractions as those for measuring ADP-
ribosyl cyclase activity. Incubation of crude mem-
brane fraction with cADPR resulted in the conver-
sion of cADPR to ADPR (Fig. 2). Time-dependent
conversion of [32P]cADPR to [32P]ADPR can be seen
in the phosphorimage of a TLC plate shown in Fig.
2A. Further con¢rmation that the product formed is
ADPR is shown in the last lane of the image in
which the incubation mixture was boiled to convert
cADPR to ADPR. cADPR hydrolase activity was
not detected in the cytosolic fraction. As with the
ADP-ribosyl cyclase assay, double reciprocal plots
were generated, as shown in Fig. 2B, and used to
calculate kinetic parameters. The KM and Vmax for
cADPR hydrolase were 695.3 þ 171.2 WM and
102.8 þ 17.1 nmol/h/mg, respectively (Table 1).
Subfractionation of the membrane preparation:
discontinuous sucrose density gradient centrifugation
was performed to assess the subcellular localization
of the ADP-ribosyl cyclase and cADPR hydrolase
activities in the crude TSM membrane fraction. 5P-
Nucleotidase activity and SERCA or RyR immuno-
reactivity were used as markers of plasma mem-
branes and SR membranes, respectively. Density gra-
dient fractionation of crude membranes resulted in a
128-fold enrichment of ADP-ribosyl cyclase
(4227 þ 1838 nmol/h/mg) in a fraction (20^30% su-
crose interface) that was also enriched (22-fold over
post-mitochondrial supernatant fraction) in 5P-nucle-
otidase activity, a well established marker enzyme for
plasma membrane (Table 2). cADPR hydrolase ac-
tivity was also enriched 1360-fold in this density gra-
dient fraction (20^30% sucrose interface) (Table 2).
Western blots demonstrating SERCA and RyR are
enriched in the 30^50% interface from the sucrose
density gradient and undetectable in the 20^30% in-
terface and are shown in Fig. 3. These data are con-
sistent with the 20^30% interface being a plasma
membrane-enriched fraction and the 30^50% inter-
face a SR-enriched fraction. Thus, ADP-ribosyl cy-
clase and cADPR hydrolase activities appear to be
localized to the plasma membrane (20^30% sucrose
interface). Table 2 summarizes sucrose density gra-
dient fractionation results.
ADP-ribosyl cyclase and cADPR hydrolase activ-
ity after SDS^PAGE and gel ¢ltration chromatogra-
phy: the 20^30% sucrose interface fraction was sub-
jected to SDS^PAGE. Following electrophoresis, the
gels were washed to remove SDS, and individual
lanes were cut into slices and the individual slices
were assayed for ADP-ribosyl cyclase and cADPR
hydrolase as described in Section 2. Crude mem-
branes from retinoic acid-di¡erentiated HL60 cells
Table 2
Enzyme activities in subcellular membrane fractions separated by discontinuous density gradient centrifugation
Fraction Enzyme
5P-Nucleotidase (mmol/h/mg) ADP-ribosyl cyclase (nmol/h/mg) cADPR hydrolase (nmol/h/mg)a
8^20% Interface 1.57 þ 0.75, n = 4 575 þ 300, n = 4 69
20^30% Interface 2.68 þ 0.91, n = 4 4227 þ 1838, n = 4 395
30^50% Interface 0.50 þ 0.31, n = 4 296 þ 124, n = 4 48.5
Crude membrane 1.83 þ 1.6, n = 4 185 þ 58, n = 4 69.9
Post-mitochondrial supernatant 0.12 þ 0.07, n = 3 33 þ 23, n = 3 0.29
Values shown are mean þ S.E.M. from membrane preparations.
acADPR hydrolase activities were determined in two preparations and results are shown as mean.
Fig. 3. Western blots for SERCA2 ATPase (A) and RyR (B) in
sucrose density gradient membrane fractions from TSM. Lane
1: 20^30% interface. Lane 2: 30^50% interface.
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were run in parallel as a positive control for CD38.
Fig. 4A shows that ADP-ribosyl cyclase and cADPR
hydrolase activities from the TSM sucrose density
fraction comigrate at a molecular weight of approx-
imately 40 kDa, slightly smaller in molecular weight
than the 46 kDa CD38 from HL60 cells run as con-
trol (Fig. 4A). Comigration of ADP-ribosyl cyclase
and cADPR hydrolase activities was con¢rmed using
gel ¢ltration chromatography (Fig. 4B). Both activ-
ities were contained in the same fractions collected
from the gel ¢ltration column, primarily fraction 6.
From the results of SDS^PAGE and gel ¢ltration
chromatography, we conclude that the ADP-ribosyl
cyclase and cADPR hydrolase activities are associ-
ated with a protein or proteins with identical molec-
ular weights.
4. Discussion
In the present study, we demonstrate the presence
of the enzyme activities involved in the synthesis and
degradation of cADPR in porcine airway smooth
muscle. The subcellular distribution of these enzyme
activities is primarily in the membrane fraction with
little, if any, activities in the cytosolic fraction. Upon
subfractionation of the crude membrane preparation,
both enzyme activities migrate with a sucrose density
gradient fraction that is enriched in plasma mem-
brane marker enzyme activity. Further evidence for
plasma membrane sublocalization is found in analy-
sis of Western blots for SERCA and RyR, both well
established SR markers. Density gradient fractions
enriched in SERCA and RyR show relatively low
ADP-ribosyl cyclase and cADPR hydrolase activities
as well as 5P-nucleotidase activity.
cADPR, a metabolite of L-NAD, is a cyclized
derivative of NAD synthesized by the action of
ADP-ribosyl cyclase and degraded by the enzyme
cADPR hydrolase to the biologically inactive com-
pound ADPR. In many cell types, both ADP-ribosyl
cyclase and cADPR hydrolase activities appear to be
associated with a single bifunctional protein [16]. The
cell surface antigen CD38 is known to possess such
bifunctional properties [13,21]. With the exception of
Aplysia ovotestis, where a monofunctional enzyme
catalyzes conversion of NAD to cADPR [13,16],
other cell types examined thus far appear to possess
the bifunctional enzyme. cADPR has been shown in
many cell types to induce intracellular calcium re-
lease [7,24,25,32]. Some studies suggest that intracel-
lular calcium release by cADPR is through modula-
tion of RyR, either directly and/or by e¡ecting
calcium-induced calcium release [13,32^36]. Previous
studies in our laboratory indicate that cADPR in-
duces calcium release from the SR in porcine airway
smooth muscle [7]. Our studies further demonstrate
that cADPR-induced calcium release is through RyR
channels, independent of activation of the IP3 recep-
tors. During steady state ACh-induced calcium oscil-
lations in permeabilized TSM cells, addition of
cADPR results in an increase in frequency of these
oscillations. Further, addition of the cADPR antag-
onist, 8-amino-cADPR, abolishes ACh-induced cal-
cium oscillations in TSM cells [7]. In smooth muscle
of porcine coronary artery, we have provided evi-
Fig. 4. A: Comparison of ADP-ribosyl cyclase and cADPR hy-
drolase activities in a density gradient fraction from airway
smooth muscle and CD38 from HL60 cells after SDS^PAGE.
Plot of change in £uorescence due to conversion of NGD to
cGDPR and percent cADPR hydrolyzed versus approximate
molecular weight in SDS^PAGE. Percent hydrolysis for HL60
hydrolase data has been multiplied by 0.4 to bring to scale.
B: Con¢rmation of comigration of ADP-ribosyl cyclase and
cADPR hydrolase activities by gel ¢ltration chromatography.
Plot of change in £uorescence due to conversion of NGD to
cGDPR and percent cADPR hydrolyzed versus column fraction
number collected from the gel ¢ltration column.
BBAMCR 14663 10-10-00
T.A. White et al. / Biochimica et Biophysica Acta 1498 (2000) 64^7170
dence for cADPR-mediated SR calcium release
through a mechanism not involving RyR channels
[25]. Furthermore, a recent study has provided evi-
dence for cADPR formation from L-NAD by ho-
mogenates of bovine coronary artery [37].
SDS^PAGE analysis revealed that a protein or
proteins of approximately 40 kDa possessed ADP-
ribosyl cyclase and cADPR hydrolase activities.
The molecular weight of the TSM activities was dif-
ferent than that of CD38, a 46 kDa glycoprotein
expressed in both B and T lymphocytes [17].
Although bifunctional enzymes with both ADP-ribo-
syl cyclase and cADPR hydrolase activities have
been described in many systems, it is not known if
a single enzyme is responsible for both synthesis and
degradation of cADPR in the TSM system. How-
ever, the comigration of the TSM ADP-ribosyl cy-
clase and cADPR hydrolase activities on SDS gels
and in gel ¢ltration chromatography suggests that
the activities may be associated with a single protein.
Demonstration of cADPR metabolic enzyme activ-
ities and calcium modulating properties of exoge-
nously added cADPR or cADPR antagonist together
would strengthen the hypothesis that cADPR has an
endogenous role as an intracellular calcium signaling
molecule in airway smooth muscle. How the enzymes
involved in cADPR metabolism in airway smooth
muscle are regulated remains to be established.
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